Cancer is a disease of the genome caused by somatic mutation and subsequent clonal selection. Several genes associated to cancer in humans, hereafter cancer genes, also show evidence of (germline) positive selection among species. Taking advantage of a large collection of mammalian genomes, we systematically looked for statistically significant signatures of positive selection using dN/dS models in a list of 430 cancer genes. Among these, we identified 63 genes under putative positive selection in mammals, which are significantly enriched in processes like crosslinking DNA repair. We also found evidence of a higher incidence of positive selection in cancer genes bearing germline mutations, like BRCA2, where positively selected residues are physically linked with known pathogenic variants, suggesting a potential association between germline positive selection and risk of hereditary cancer. Overall, our results suggest that genes associated with hereditary cancer have less selective constraints than genes related to sporadic cancer. Also, that the adaptive evolution of human cancer genes in mammals has been most likely driven by adaptive changes in important traits not directly related to cancer.
Introduction
Cancer is a genomic disease caused by mutations in genes that control normal cell functions, in particular growth and division. A fundamental goal of cancer genomics is to identify mutations that confer a selective advantage to the cell and increase survival and proliferation, so-called driver mutations, as well as the genes carrying the driver mutations in each tumor, known as driver genes or cancer genes. Although traditionally the focus has been put on somatic driver mutations, those that appear during an individual lifetime as cells divide and grow, there are also germline mutations in the human population that predispose to cancer [1] . Today, more than 500 cancer genes have been identified, of which approximately 90% contain somatic mutations and 20% bear germline mutations [2] [3] [4] .
Several studies have identified a number of human cancer genes undergoing positive selection across species [5] . Clark et al. (2003) found strong evidence of positive selection on oncogenes and tumor suppressor genes in the chimpanzee lineage [6] . Nielsen et al. (2005) identified an elevated number of tumor suppressor and apoptosis genes under strong positive selection in humans and chimpanzees [7] . Subsequent genome-wide screenings in mammals unveiled positive selection in genes with roles in immunity and reproduction, but also related with apoptosis and cancer [8, 9] . Given the recurrent observation of positive selection acting on human cancer genes across species, these authors have proposed that evolutionary forces affecting organismal fitness, such as sexual selection, pathogen-host interactions or maternal-foetal conflict, could also lead to increased cancer risk in humans as a pleiotropic effect [5, 7, 9, 10] . If this hypothesis is correct, genes under positive selection during the evolution of species should have somehow a higher contribution to cancer risk than those genes subjected to strong purifying selection. Another intriguing question is whether selective constraints in mammals differ across genes involved in different human tumor types. For example, since blood and bone marrow cancers, such as leukemia and lymphoma, are promoted by alterations in the immune system, we would expect stronger positive selection on genes associated with these cancers due to the faster adaptation of immunity-related genes [7, 9] .
Here, we carried out a comprehensive analysis of the evolution of 430 human cancer genes in mammals to address these questions in more detail. Using the ratio of number of non-synonymous substitutions per site to the number of synonymous substitutions per site (dN/dS) [11] , we identified 63 genes under putative positive selection, significantly enriched in double-strand DNA break repair, and associated with hereditary cancer and recessive syndromes.
Materials and Methods

Cancer genes
We retrieved a collection of single-copy 574 genes associated with human cancer from the Cancer Gene Census (CGC) project of the COSMIC repository [3] (accessed on March 5th 2018). We only collected genes classified into Tier 1, which refers to genes with a documented activity relevant to cancer. The catalogue of the retrieved cancer genes, along with information about their function and associated mutations, can be accessed in Table S1 .
Sequence data collection
We downloaded a representative sequence for each cancer gene from the Ensembl Genes database (Release 91, human genome version GRC) using BioMart [12] (accessed on March 6th 2018). For each human gene, we chose a single isoform based on the following criteria, in order: GENCODE validation, APRIS annotation as principal 1, best transcript support level (TSL), and longer transcript. We discarded 22 genes whose best TSL was less than one (Table S2 ). Using the selected human isoform as reference, we downloaded the corresponding orthologues from 32 mammalian genomes (Table S3 , Figure S1 ) using the Bioconductor package BiomaRt [13] . When more than one ortholog was obtained for a given species, we chose the one with the best orthology confidence score. We discarded 17 genes for which less than 15 mammal orthologues were found (Table S2) , so the final number of retrieved ortholog groups was 535 (Table S4 ).
Multiple sequence alignment
We aligned the coding sequences for each ortholog group using MACSE [14] , a program that accounts for frameshifts and stop codons. The resulting multiple sequence alignments were further refined with TrimAl [15] , removing taxa and sites with more than 60% gaps across rows and columns, respectively. After trimming, we discarded 71 genes that contained less than 10 orthologues (Table S2 ) in order to maximize the statistical power for the selection analyses, ending up with a list of 464 genes.
Estimation of phylogenetic trees
We inferred maximum likelihood trees for the 464 genes using RAxML-NG [16] . All reconstructions were performed using the general time reversible substitution model [17] with gamma-distributed rate variation among sites [18] . For each gene, we obtained 10 starting trees using randomized stepwise addition parsimony. We assessed nodal support using 100 bootstrap replicates [19] . To minimize the impact of estimation errors and/or incomplete lineage sorting in subsequent analyses, we discarded 27 genes whose estimated tree topologies were quite distinct (normalized Robinson-Foulds (RF) distance >= 0.6) from a species tree assembled for 19 mammals with a well-known phylogenetic position ( Figure S1 ). We calculated the RF distances with ETE3compare [20] .
Codon-based selection models
We estimated nonsynonymous (dN) and synonymous (dS) substitution rates using the program codeml of the PAML package v4.9c [21] along 437 mammal gene trees. Because dS saturation decreases the power for detecting positive selection in codon-based models [22] , we further discarded seven genes with an estimated dS > 15 (Table S2 ). To estimate the global dN/dS ratios for each of the remaining 430 genes we used the one-ratio (M0) model, which assumes the same dN/dS for all branches in the gene tree and across sites. To identify genes under putative positive selection, we compared different site-models using likelihood ratio tests (LRTs): M1a (neutral) vs. M2a (selection) and M8 (beta selection) vs. M8a (beta neutral) [23, 24] . The resulting p-values were adjusted for multiple testing using the Benjamini-Hochberg procedure [25] with a family-wise significance level of 0.01. For those genes in which the LRT was significant (i.e., positively selected cancer genes), we considered as positively selected sites (PSSs) those with a Empirical Bayes (BEB) posterior probability > 0.95 of having a dN/dS > 1 under the M2a or M8 models [26] .
Gene ontology enrichment analysis
To identify enriched Gene Ontology (GO) terms in the genes under putative positive selection, we used GOrilla [27] . We compared the list of 63 positively selected genes with a background list of the initial 574 cancer genes. We searched for GO terms in the three available ontologies: biological process, cellular component and molecular function.
Pathogenic germline mutations
We retrieved the list of pathogenic germline variants for the BRCA2 gene from the study published by the TCGA PanCanAtlas Germline Working Group [28] .
Comparison of dN/dS ratios across COSMIC categories
We compared the dN/dS ratios obtained across five different CGC-COSMIC classifications: mutation type, inheritance, tissue type, cancer role and chromosome type. To test for significant dN/dS differences between and among categories, we performed ANOVAs (for multiple comparisons) and t-tests (for pairwise comparisons) using the ggpubr package [29] for R [30] . We adjusted the p-value for multiple pairwise comparisons as described above. To compare the proportion of genes under putative positive selection across groups, we applied the chi-squared test (p < 0.01) function (chisq.test) implemented in R.
Results
After multiple processing steps and stringent criteria (see Materials and Methods), we finally assessed the selective pressures along the mammal phylogeny on 430 human cancer genes. Multiple sequence alignments included 11-32 taxa and were 108-4984 nt long (Table S5 ).
Long-term selective pressures on human cancer genes
The mean dN/dS for all cancer genes examined was 0.12 ( Figure 1 ), consistent with the idea that germline evolution in mammals is strongly dominated by purifying selection (dN/dS << 1) [31] and particularly in cancer genes [32] . The LRTs among site-specific dN/dS models detected 63 genes under (putative) positive selection (14.65% of the 430 tested genes) after correcting for multiple testing (p-adj < 0.01) ( Table 1 , S5). Of these, 32 were significant for both M1a vs. M2a and M8a vs. M8 comparisons. All 63 genes showed at least one positively selected site (PSS) ( Table 1 ). Four genes yielded more than 20 PSSs under the M8 model: PTPRC (52 PSSs), BRCA2 (25 PSSs), NIN (25 PSSs) and COL1A1 (21 PSSs) ( Table 1 ). All genes with a global dN/dS > 0.4 resulted in significant LRTs (Figure 1 ). 
Comparison of selection estimates across functional categories
We compared global dN, dS and dN/dS values across COSMIC categories. Genes bearing only germline mutations (i.e., associated with hereditary cancer) showed significantly higher dN/dS estimates than genes with only somatic mutations (i.e., associated with sporadic cancer) or with both somatic and germline mutations (Figure 2A , Table 2 ), mainly due to a significantly increase in dN ( Figure S2 ). We also observed higher dN/dS values for cancer genes associated with recessive mutations than for cancer genes with dominant mutations ( Figure 2B , Table 2 ), again due to a significantly increase in dN ( Figure S2 ). We noticed that these two mutational categories are not independent, as 33 out of 34 (97%) genes with germline mutations are associated with recessive inheritance. On the other hand, the global dN/dS estimates did not show significant variation among tissue types (epithelial, leukemia/lymphoma, mesenchymal and others) ( Figure 2C , Table 2 ), cancer role (fusion genes, oncogenes and tumor suppressor genes) ( Figure 2D , Table 2 ) or between autosomal and X chromosomes ( Figure 2E , Table 2 ). We also compared the proportion of genes under positive selection across COSMIC categories, observing a significant increase of genes under positive selection in the germline and recessive categories ( Figure 3A-B) . We did not detect significant differences in the proportion of positively selected genes among tissue types, cancer role or chromosomal type ( Figure 3C 
Functional enrichment of positively selected cancer genes
The 63 cancer genes inferred to be under positive selection were enriched in biological processes associated with DNA repair, in particular interstrand crosslinking repair (Table 3) . We detected a high representation in this group of members of the Fanconi Anemia Complementation Group (FANCD2, FANCG, FANCA, FANCE and FANCC), which participate with BRCA1 and BRCA2 in homologous-recombination DNA repair [33] . As mentioned above, BRCA2 yielded a strong signature of positive selection, showing the second highest number of PSSs (Table 1) . We also observed an enrichment of genes that encode for proteins located in the early endosome membrane and involved in bubble DNA binding (Table 3 ). In addition, we observed a large portion of positively selected genes (12 out of 63, 19%, Table 1 ) involved in immune response, although without reaching statistical significance. 
Co-location of positively selected sites and pathogenic germline variants in BRCA2
To evaluate the potential impact of selected amino acid replacements in BRCA2, we compared the location of PSSs with that of known pathogenic germline variants [28] (Figure 4A ). We detected that the stop-gained pathogenic variant Y792* in the N-terminal segment is flanked by two PSSs (Y748 and G800). We also observed several clusters of PSSs together with pathogenic variants across the BRC repeats involved in the interaction with RAD51. The residue C1159, between BRC1 and BRC2, is also in close proximity to the pathogenic variant Q1037*. In addition, we found two PSSs located in the interacting region with the polymerase Eta (POLH): the only selected residue within a BRC, E1550 in BRC2, which sits close to the truncating variant E1518*, and the residue A1708, which maps to the same segment (between BRC5 and BRC6) of the pathogenic mutation Y1762*. Furthermore, we detected a clustering of three PSSs and two pathogenic germline variants in the intervening regions between the BRC6-BRC7-BRC8 repeats. We noticed that in the site C1913, falling between BRC6 and BRC7, 11 out of 27 mammals species, including humans, have a cysteine (Cys) residue, whereas eight species carry a histidine (His). Because Cys and His residues are often involved in specific functions [34] , replacements in these positions could alter protein structure and functionality. Moreover, we identified a clustering of PSSs and pathogenic variants in the domain interacting with the proteasome complex subunit SEM1 ( Figure 4A-B) . Interestingly, a PSS in the helical subdomain, S2572, is located in the binding interface with SEM1 ( Figure 4C ). Finally, nine putative PSSs mapped to a disordered segment of the C-terminal region (positions 3395-3440) with no documented activity. Among these, we observed two Cys residues whose variation could have structural implications in the protein. 
Strong positive selection in the extracellular region of PTPRC
We also analyzed in detail the location of PSSs within PTPRC, the gene with the highest number of such sites (Table 1) . PTPRC, also known as CD45, encodes a tyrosine phosphatase that regulates T-and B-cell antigen receptor signaling and is associated with oncogenic transformation through changes in expression [35] . Remarkably, all the PSSs concentrated on the extracellular region, whereas in the cytoplasmic segment, which contains the catalytic domains, we did not detect any PSS ( Figure 5A ). Within the extracellular region, the PSSs clustered in the cysteine-rich (CR) and the three Fibronectin type 3 (FN3) domains, involved in cell adhesion ( Figure 5B ). 
Discussion
Cancer genes show low dN/dS values
On average, the estimated dN/dS ratio across cancer genes (0.12) was somehow lower than previous estimates from mammalian genomes, which yielded values between 0.15-0.22 [7, 36, 37] . Our results are in concordance with Thomas et al. [32] , who used pairwise comparisons between human and rodent and found a stronger purifying selection on cancer-related genes ( dN/dS = 0.079) in comparison to other disease-related genes (dN/dS = 0.101) and non-disease-related genes (dN/dS = 0.1). Our results also concord with those from Blekhman et al. [38] , who found significantly lower dN/dS values in genes associated with cancer between human and macaque. Because cancer genes are generally involved in essential cellular functions such as DNA repair, regulation of cell cycle and apoptosis [39] , strong purifying negative selection removing deleterious germline mutations is expected.
Positive selection on human genes associated with hereditary cancer
Cancer genes bearing only germline mutations yielded higher dN/dS ratios and were more often positively selected than cancer genes with only somatic mutations. This result suggests that genes associated with hereditary cancer have less selective constraints than those genes related to sporadic cancer. Indeed, in genes under weak purifying selection it is expected that slightly deleterious variants reach higher frequencies in the populations, either by positive selection or genetic drift, than variants in genes under strong purifying selection [40] . Therefore, it is expected that genes under relaxed purifying selection are more likely associated with hereditary than with sporadic cancer. In addition, since cancer is a complex and late-onset disease, where each allele contributes to a small fraction of cancer risk and with small effects on fitness, it is plausible that genes directly associated with cancer susceptibility are under weak purifying selection [38, 41, 42] . In addition, genes associated with complex diseases typically are under widespread purifying selection but also show signatures of positive selection [38] , in concordance with our results. On the other hand, strong purifying selection on genes causing sporadic cancer is expected, as mutations directly responsible for cancer (i.e., somatic driver mutations) should be highly deleterious. At the same time, genes associated with recessive mutations in human cancer also showed significantly higher dN/dS values and were more often positively selected than genes associated with dominant mutations. However, this is result is not independent from the one just discussed, as almost all cancer genes with germline mutations in our dataset were associated with recessive inheritance. Because genes associated with germline mutations and dominant inheritance are unrepresented in our dataset, we were unable to test the direct impact of inheritance on the evolution of human cancer genes.
Lack of significant variation in selection across tissue, role or chromosomal type
Our analysis did not reveal significant differences in the dN/dS ratios or the proportion of positively selected genes among tissue types (epithelial, leukemia/lymphoma, mesenchymal and others), cancer role (fusion genes, oncogenes and tumor suppressor genes) or between autosomal and X chromosomes. Overall, this might suggest that selective pressures on human cancer genes are not directly related to cancer (see next section for further discussion). Although selection is expected to work differently in autosomal and X-linked genes because of their distinct effective population size [43] , we did not identify significant differences. However, the number of X chromosome genes compared (20) was too low to guarantee strong conclusions in this regard.
Signalling pathways and biological functions of cancer genes under positive selection
Within the putative list of cancer genes under positive selection we found an enrichment of genes involved in the FA/BRCA pathway. Widespread positive selection on mammal genes in this pathway (specifically in BRCA2, CHEK2, FANCC, FANCB, FANCD2 and FANCE) was previously detected in mammals [44] . In addition to these genes, we also identified signatures of positive selection in FANCA and FANCG. The systematic positive selection observed on the FA/BRCA complex might suggest a mechanism of coevolution to maintain the interactions among partners of this network [44, 45] . Positive selection on the FA/BRCA complex could be driven by different evolutionary mechanisms . By the one hand, positive selection on this DNA repair pathway could result in a molecular mechanism of tumor resistance to counteract the increased cancer risk associated with longevity [46] . Episodes of positive selection of some FA/BRCA components have been identified in long-lived, and cancer-resistant species. Adaptive evolution of BRCA2 has been identified in the bats Myotis lucifugus and Myotis davidii [47, 48] , whereas some FANC members, such as FANCA, FANCE and FANCL, were inferred to be under positive selection in the naked mole rat [47] . On the other hand, germline variants in the FA/BRCA repair pathway have been associated with hereditary breast-ovarian cancer and Fanconi Anemia (FA) in humans [33] . Therefore, it is possible that, at least a portion of selected alleles in the FA/BRCA pathway could be associated with higher cancer and FA risk. As we mentioned in the introduction, evolutionary conflicts associated with organismal fitness could be a general mechanism shaping the molecular adaptation of human cancer genes [5, 8, 9, 11] . In the case of BRCA1 and BRCA2, these genes are involved in DNA repair also during early development, and BRCA1/BRCA2 alleles affect fetal survival in a sex-dependent manner in mammals [49] . Therefore, positive selection on BRCA1-BRCA2 genes has been previously associated with sexually antagonistic effects due to repair-proliferation tradeoff, with a pleiotropic effect on (higher) cancer hereditary risk [5, 50] . Future biochemical characterization of mutants and genetic association studies will help to better understand the causes and consequences of positive selection on the components of the FA/BRCA pathway on human populations.
Immune response, placentation and spermatogenesis, expected to be shaped by pathogen-host coevolution, maternal-foetal interactions and sexual selection, respectively, are biological processes often associated with positive selection on cancer genes [5, [7] [8] [9] [10] . Interestingly, we observed a high proportion of immunes genes -albeit not statistically significant-under positive selection,, which would support the contribution of pathogen-host coevolutionary interactions on driving the adaptation of human cancer genes in mammals. At the same time, the identification of several positively selected genes with prominent expression in testis (such as BRIP1, BUB1B, KTN1 and RANBP2) is concordant with the hypothesis that the pathways involved in spermatogenesis, which often evolve in response to sexual selection and intrasexual conflict [51, 52] , often coincide with those used by cancer cells to increase their survival and replication [7, 10, 53] .
Association of residues under positive selection with pathogenic variants
We identified several genes under positive selection that have been associated with pathogenic germline variants in cancer [28] (Yuang et al. 2018). We focused on BRCA2, and observed that PSSs in this protein are localized close to pathogenic germline variants in humans. A similar distribution of sites under positive selection in BRCA2 was previously identified by O' Connell [44] , who also showed an accumulation of PSSs among the BRC repeats. The residue C1159 between BRC1 and BRC2 repeats was also previously identified under positive selection in primates [54] . We identified PSSs in essential functional domains, such as SEM1 binding interface, suggesting that positive selection could affect BRCA2 function. Further examination of PSSs in conservative positions of functional domains could lead to the identification of new cancer -associated mutations.
Conclusions
In our study, genes involved in hereditary cancer showed weaker purifying selection and/or stronger positive selection than those involved in sporadic cancer. Further studies examining the interspecific variation of cancer genes in modern human populations will be essential to elucidate the contribution of long-term adaptation to human cancer inheritance. Our results suggest that, at least in mammals, positive selection acting on human cancer genes drives adaptive changes in traits related to organismal fitness, rather than select for biological functions directly related to cancer. Future studies integrating molecular data, life history traits and pathogenicity information will help to discern the selective forces behind the long-term adaptation of human cancer genes, as well as to determine the genetic conflicts between development pathways and cancer risk.
